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 A b s t r a c t   
This paper presents the effect of the North Atlantic Oscillation 
(NAO) on the thermal characteristics of lakes in Poland. In the analysis, 
the use was made of monthly air temperatures recorded at fifteen mete-
orological stations, water temperatures of twelve lakes, and Hurrell’s 
winter NAO indices. Over the study period (1971-2010), there was 
a marked increase in the temperatures of both, air and lake waters. De-
pending on the NAO phase, water temperatures were observed to depart 
from mean values, being markedly higher than average (even by 1°C) in 
the positive winter NAO phase. The differences in water temperatures 
were statistically significant in the winter-spring season. In turn, in the 
negative NAODJFM phase lake water temperatures in winter and spring 
were markedly lower than average (in March even by 1.0°C). The unique 
response of some lakes depends on their morphometric parameters, in-
cluding their mean depth.  
Key words: global warming, climate change, water temperature, macro-
scale atmospheric circulation. 
1. INTRODUCTION 
The pattern of processes and phenomena occurring in lakes results from 
global range-factors (air circulation, radiation level), local conditions in their 
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catchments (use pattern, hypsometry, etc.), and their individual morphomet-
ric parameters (area, depth, etc.). Of fundamental importance are the first 
ones, but what make even neighbouring water bodies different are their mor-
phometric characteristics. Thus, in order to establish regularities controlling 
the functioning of a lake ecosystem, it is necessary to identify all the factors 
listed, both global ones and those unique to individual lakes. 
In the case of Europe, hydrometeorological conditions are heavily influ-
enced by one of the macro-scale types of circulation, viz. the North Atlantic 
Oscillation (NAO). It is a bi-polar type of circulation with centres located 
over Iceland and the Azores. The period in which the difference in pressure 
between the Azores High and the Icelandic Low is big is termed a positive 
NAO phase, or mode. This generates strong winds over Europe from the 
south-west and the transport of humid and warm air masses, mainly to the 
northern regions of the continent. A negative NAO phase is characterised by 
a clearly weaker Icelandic low and a shallower Azores High. The air masses 
that flow to Europe are then dry and cool and come from the north-east. As 
a result, precipitation is lower in northern Europe and markedly higher on 
the Iberian Peninsula. The NAO affects climatic conditions the strongest in 
winter, but also in the other seasons high values of its index are accompanied 
by higher-than-average air temperatures in western Europe (Carleton 1988, 
Rogers 1997, Trigo et al. 2002). It also determines climatic conditions in Po-
land by causing an increase in temperature in the cold season of the year 
(Marsz and Styszyska 2001, Przybylak et al. 2003) and influencing radia-
tion and humidity conditions (Bry and Bry 2002), precipitation 
(Styszyska 2001, Wibig 2001), as well as the duration and thickness of 
snow cover (Falarz 2007). With reference to lakes, the NAO’s effect is visi-
ble in their patterns of thermal conditions and ice phenomena. The NAO-
related rise in the temperature of lake waters (Livingstone and Dokulil 2001, 
Straile et al. 2003, Gerten and Adrian 2002) has such consequences as, e.g., 
an earlier disappearance of ice cover in the years with a positive winter NAO 
index (D’Odorico et al. 2002, Wrzesiski et al. 2013). In turn, changes in the 
heat balance of lakes brought about by the NAO transform the conditions of 
biological life in those ecosystems (Straile and Adrian 2000, Ottersen et al. 
2001). 
The principal goal of this paper is to compare the range of changes in the 
water temperature of the lakes under study in the individual winter NAO 
phases with the average values, as well as their spatial and temporal patterns. 
An attempt is also made to account for the observed differences in terms of 
both, a global factor in the form of changes in air temperature as well as lo-
cal factors and morphometric features of the lakes. Thus, the authors seek to 
explain whether macro-scale factors controlling the thermal conditions of the 
lakes are modified by their individual features, and if so, to what extent. 
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2. MATERIAL  AND  METHODS 
In the research use was made of standard measurements of lake water tem-
perature at a depth of 0.4 m performed once a day at 7:00 (GMT +1) over the 
40-year study period by the Institute of Meteorology and Water Manage-
ment. Owing to frequent reorganisations of the observation network, the 
longest observation series cover a relatively small number of lakes, their 
greater density being found in the north-eastern part of Poland (the Mazurian 
Lakeland). However, since the distribution of a decided majority of Polish 
lakes is a product of the Last Pleistocene Glaciation (which embraced the 
north of the country), the bodies found in this location can be regarded as 
representative of the lakes in Poland. Also used were air temperature data 
(monthly means) from fifteen stations found in Internet climatic databases 
(http://www7.ncdc.noaa.gov/CDO/dataproduct, www.tutiempo.net). The 
morphometric characteristics of the lakes are presented in Table 1, while 
their location and that of the meteorological stations is given in Fig. 1. 
In this paper use was made of the winter NAO index (NAODJFM) worked 
out by Hurrell (1995; http://www.cgd.ucar.edu/cas/jhurrell/nao.stat.winter. 
html). It is a normalised mean difference in atmospheric pressure in the De-
cember-March period (DJFM) between Lisbon at one end of the continent 
and Stykkisholmur and Reykjavik at the other. The term “a positive NAO 
phase” (NAO+) should be understood as the years in which the difference in 
pressure between the Azores High and the Icelandic Low is big, and the  
 
Table 1  
Morphometric data of the studied lakes (after Choiski 2006) 






[m a.s.l.] Mictic type 
1 Charzykowskie 1 336 134 533.2 9.8 120 stratified 
2 Gardno 2 337.5 30 950.5 1.3 0.3 unstratified 
3 Hacza  291.5 120 364.1 38.7 227.3 stratified 
4 Jamno  2 231.5 31 528 1.4 0.1 unstratified 
5 Jeziorak  3 152.5 141 594.2 4.1 99.2 stratified 
6 Lubie   1 487.5 169 880.5 11.6 95.4 stratified 
7 ebsko  7 080 117 521 1.6 0.2 unstratified 
8 Mikoajskie  424 55 739.7 11.2 115.7 stratified 
9 Selmt Wielki 1 207.5 99 463.9 7.8 120.7 stratified 
10 Spoleskie  157.5 7 501.6 4.8 112.8 stratified 
11 Sawskie  822.5 42 664.8 5.2 56.9 stratified 
12 Studzieniczne 244 22 073.6 8.7 123.4 stratified 
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Fig. 1. Location of the limnological and meteorological stations. 
NAODJFM index values exceed 2.52. In turn, a negative NAO phase (NAO–) 
means the years in which the Icelandic Low is clearly weaker, the Azores 
High shallower, and the NAODJFM values under –0.63. Those values roughly 
correspond to the first and third quartiles from the entire set of NAODJFM in-
dices for the years 1971-2010.  
To determine the relationship between changes in the temperature of lake 
water and the intensity of the North Atlantic Oscillation, Pearson’s coeffi-
cient of linear correlation (r) was calculated, the correlation holding between 
the monthly, seasonal, and annual water temperatures on the one hand and 
Hurrell’s winter NAODJFM index on the other. Changes in the thermal charac-
teristics of the lakes in the two NAODJFM modes were established on the ba-
sis of differences in water temperatures in the positive and the negative 
mode against means from the years 1971-2010. Average monthly, seasonal 
and annual temperatures were calculated for years with high (NAO+) and 
low (NAO–) values of the winter NAO index. The statistical significance of 
those differences was examined using the T-test for independent samples. 
The hypothesis tested each time was  H0:1 = 2  about the equality of ex-
pected values against  H1:1  2. The rejection of the hypothesis allows the 
conclusion that there are significant differences between the mean tempera-
tures observed in the various NAODJFM phases and the average magnitudes. 
The T-statistic has Student’s distribution, with  n1 + n2 – 2  degrees of free-
dom: 
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where n1 and n2 are the sample sizes, 21S  and 
2
2S  are the sample variances, 
and 1 2X X  are the sample means. 
Spatial differences in the observed temperature changes are presented in 
a tabular and a graphic form. The graphics was prepared using the Surfer 10 
program (GoldenSoftware), and in the construction of isoline maps the 
kriging procedure was employed. 
3. RESULTS  AND  DISCUSSION 
3.1  Preliminary results 
The distribution of air temperatures obtained in the study period (1971-2010) 
for the fifteen weather stations shows annual means to decrease from west to 
east, which is connected with a stronger impact of the continental climate in 
the east of Poland, as observed by Ewert (1973). The highest mean annual 
air temperature was recorded in Szczecin (8.95°C) and Zielona Góra 
(8.81°C), and the lowest in Suwaki (6.57°C) and Biaystok (7.10°C). At all 
the stations the mean annual air temperature can be observed to be rising. 
The increase was the highest in Gorzów Wielkopolski, Koszalin, and Pia, at 
0.37°C per decade. In the annual cycle, the steepest rise in temperature can 
be noted in April, in Zielona Góra and Gorzów, by 0.96°C and 0.93°C, re-
spectively. 
Also mean annual temperatures of lake waters calculated for the same 
period were different. The highest values were recorded in Lake Sawskie 
(10.8°C), and the lowest in Lake Hacza (8.5°C). The differences in their 
monthly temperatures were the widest in spring months: in April and May 
the water in Lake Sawskie was by more than 5.1°C warmer than in Hacza. 
Over the multi-year period under study, the mean annual water tempera-
tures displayed an upward tendency in all the lakes. The highest increases 
per decade were recorded for lakes Lubie (0.55°C) and Selmt Wielki 
(0.43°C), and the lowest for Jamno (0.25°C) and Hacza (0.26°C). In the 
annual cycle, the warming of lake waters is especially readily visible in 
spring (April, May) and summer (July, August). The highest rises in the 
mean monthly water temperatures per decade were noted for lakes Lubie (in 
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May by 1.02°C, in July by 0.76°C, and in April by 0.73°C), Sawskie (in 
May by 0.79°C), and Selmt Wielki (in April by 0.70°C). These results sup-
port the observations of changes in the thermal characteristics of lakes in Po-
land made so far. When analysing changes in the temperatures of surface 
water of lakes in the period 1961-2005, Skowron (2011) found them to show 
an upward tendency (on average, by 0.2°C per decade). The steepest in-
crease was observed between March and May (0.02-0.05°C per year). 
3.2  NAO – T-test correlation 
In this paper correlations were examined of monthly, seasonal, and annual 
water and air temperatures with the winter NAO index (NAODJFM). The re-
sults obtained corroborate earlier findings, both in the case of polymictic 
lakes (Girjatowcz 2011) and those displaying summer stratification (Living-
stone 1993, Gerten and Adrian 2001). 
The strongest effect of the North Atlantic Oscillation on the thermal 
characteristics of lake waters  can be observed in winter  and  spring months 
(from January to April). The calculated correlation coefficients are high and 
statistically significant (p < 0.05). Similar results were obtained for mean 
temperatures of lake waters in the winter and spring seasons. Only two lakes, 
Hacza and Lubie, showed no significant correlation with the NAODJFM in-
dex. There was a less statistically significant correlation between annual 
temperatures and the NAODJFM index, but in five lakes (Charzykowskie, 
Gardno, Jeziorak, ebsko, and Spoleskie) the correlation coefficient was 
significant at  p = 0.05 (Table 2). Even stronger correlations were observed 
between air temperatures and NAODJFM (Table 3).  
In the next stage of the research, it was established how the temperatures 
of lake waters and air in years with high and low values of the NAODJFM in-
dex departed from average values (Tables 4-7). Spatial differences in chang-
es in the temperature of air and lake waters in the winter-spring period 
(January-April) under the influence of NAO and for the entire year are pre-
sented in Figs. 2 and 3. 
Lake water temperatures grow markedly in the positive NAODJFM phase 
and go down in the negative one, especially in the period of the strongest 
impact of the North Atlantic Oscillation, i.e., in winter and spring. In the 
positive NAODJFM phase in those periods, water temperatures are distinctly 
higher than average. The most statistically significant differences in water 
temperatures occur from January to March (an increase from 0.6°C to 1°C, 
p < 0.05) in lakes situated in the central, longitudinal belt of the study area. 
The differences decrease both, to the west (the smallest increase in tempera-
ture in the positive the NAO phase, 0.2-0.3°C, observed in Lake Lubie), and 
to the east (in Lakes Hacza, 0.1°C, and Studzieniczne, 0.3°C). In April the 
differences are also high, from 0.6°C in the central part to 1°C in the east 
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Fig. 2. Departures of selected monthly and annual air temperatures (	T) in the two 
NAODJFM phases from the 1971-2010 means, and their statistical significance (p). 
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Fig. 3. Departures of selected monthly and annual temperatures of lake waters (	T) 
in the two NAODJFM phases from the 1971-2010 means, and their statistical signifi-
cance (p). 
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(with the exception of Hacza). Even wider differences in the water tempera-
tures of all the lakes, in excess of 1°C, can be noted in May, but they are 
usually statistically insignificant, at  p > 0.05. In the positive NAODJFM phase 
there is a similar spatial pattern of departures from the average in lake water 
temperatures in the winter-spring season. Winter temperatures exceed then 
the average by more than 0.6°C, and in spring by more than 0.8°C, and the 
differences are statistically significant (p < 0.05). The intensity of the North 
Atlantic Oscillation in the winter season has no effect on the temperature of 
lake waters in the remaining seasons of the year, i.e., in summer and autumn. 
However, the elevated water temperatures in winter and spring cause annual 
temperatures of lake waters to be higher than average in this NAODJFM phase, 
too. Also in the case of this variable the greatest increase in water tempera-
ture (0.5°C) is recorded in the lakes located in the central part of the study 
area, and the observed differences are statistically significant (p < 0.05). 
The situation is different in the negative NAODJFM phase. The tempera-
ture of lake waters in the winter-spring season is markedly lower than aver-
age. In January the greatest drops in temperature amount to 0.8°C, in 
February to 0.6°C, and in March even to more than 1.0°C. As in the case of 
temperature changes in the positive NAODJFM phase, spatial differences in 
the observed departures from the average show the greatest drop in water 
temperature to occur in lakes situated in the central and southern parts of the 
study area (Fig. 3). In the negative NAODJFM phase, water temperatures in 
winter, spring, and the entire year are lower than average by 0.4°C, more 
than 0.6°C, and 0.2°C, respectively. However, the observed differences are 
statistically insignificant (p > 0.05). 
3.3  Effect of lake morphometry and location 
The causes of the observed changes in lake water temperatures in the differ-
ent NAODJFM modes should be sought, for obvious reasons, in changes in air 
temperatures. Departures of air temperature from the average are even wider 
than of lake waters. In the positive NAODJFM phase, they can exceed the av-
erage by more than 3°C in January, more than 2°C in February, and 1.5°C in 
March. Worth noting are smaller spatial differences in the observed depar-
tures of air temperatures, with a characteristic increase to the east. In the 
negative NAODJFM phase, air temperatures are much lower than average: 
more than 3.5°C in January, 2°C in February, and 1.5°C in March. 
As follows from a comparison of changes in lake water temperatures 
with those in air temperatures, they concern not only the magnitude of dif-
ferences in water and air temperatures, but also their temporal and spatial 
variability. This is due to differences in the heat balance of the lakes, which 
depend on their morphometry and location. There is a marked lag in the re-
sponse of water temperature to changes in air temperature, hence the greatest 
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changes in water temperature can be observed later, from March to May. Be-
sides, individual features of the lakes cause wider spatial differences in water 
temperature changes in the two NAODJFM phases. 
To establish which bodies responded the strongest to air temperature, co-
efficients of the correlation between monthly, seasonal, and annual differ-
ences in air temperatures were calculated for the fifteen weather stations and 
the twelve lakes studied. Irrespective of the NAODJFM mode, the strongest 
connections were recorded for Lakes Gardno, ebsko, and Jamno. Changes 
in their water temperature were very strongly correlated with those in air 
temperature recorded not only at the nearest stations, but also, though less 
distinctly, at the remaining stations (p < 0.001). 
In turn, the weakest correlation links in the positive NAODJFM phase were 
found for Lakes Hacza and Lubie, and in the negative phase, for Lubie, 
Mikoajskie, Selmt Wielki, and Studzieniczne. As a rule, for those lakes the 
coefficients of the correlation between changes in water temperature and 
those in air temperature were low at most of the weather stations under 
study. They also had the lowest coefficients of the correlation between the 
winter NAODJFM index and the annual and winter water temperatures. 
The reasons for the above unique features should be sought in their loca-
tion and morphometric features. There are many works highlighting the con-
nection between thermal characteristics of lakes and their local and 
individual features (Edmundson and Mazumder 2002, Nowlin et al. 2004, 
Houser 2006, Šporka et al. 2006, Wang et al. 2012, Novikmec et al. 2013). 
An analysis of the coefficients of the correlation between the morphometric 
parameters of the lakes (area, geographical latitude and longitude, mean 
depth, exposure, elevation a.s.l.) and changes in their temperatures in the two 
NAODJFM modes showed their mean depth to have the greatest effect on 
changes in the temperature of their waters. In the positive NAODJFM phase, 
there is a statistically significant dependence between the departures of lake 
water temperature from the average and the mean depth of a lake (Fig. 4). As 
Fig. 4. Departures of the water temperature of the lakes from the average in the win-
ter and spring seasons in the positive (NAO+) and the negative (NAO–) NAODJFM 
phase depending on their mean depth. 
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the mean depth increases, the observed differences in temperatures in winter 
(r = –0.864,  p < 0.01) and spring (r = –0.708,  p < 0.01) keep narrowing. 
In the negative NAODJFM phase, the coefficients of the correlation be-
tween the departures of temperatures from the average and the morphometric 
parameters of the lakes are lower and statistically less significant. 
The most susceptible to changes in water temperature are polymictic 
lakes (Gardno, ebsko, and Jamno), with small mean depths and water 
masses mixing many times during the year. All three lakes have specific hy-
drological systems, heavily dependent on local characteristics, as empha-
sised by Cieliski and Major (2012). Even so, their direct connection with 
the Baltic Sea (inflows of marine waters with their different physico-
chemical properties) and other elements (contact of the shorelines with 
peatlands, considerable thicknesses of sediments) are not decisive factors in 
modifying the thermal characteristics of those lakes. 
In turn, in the case of Hacza and Lubie, the lack of a strong correlation 
between the temperature of their waters and air in the positive NAODJFM 
phase can be explained by their great mean depth – the greatest among all 
the water bodies under study. It should be stressed that Hacza is the deepest 
lake in the entire Central European Lowland. Because of those features, both 
water bodies have a great ability to accumulate heat, as pointed out by, e.g., 
Choiski (2007), who established that large and deeper lakes emitted heat 
much longer than shallower ones. Besides, the great depths of the two bodies 
make possible their more substantial alimentation by groundwater, the tem-
perature of which can differ from that of lake waters. The basins of Lubie 
and Hacza penetrate into Quaternary water-bearing formations, which can 
be even up to 40 m thick. Groundwater alimentation affects the thermal 
characteristics of those lakes – its intensity can cause a change in the heat 
balance of a lake and affect the thickness of its ice cover (Choiski and Ptak 
2012). Thus, both water bodies can be said to display a sort of thermal iner-
tia with respect to atmospheric conditions. 
4. CONCLUSIONS 
The research has proved the North Atlantic Oscillation to have a big influ-
ence on the temperature of both, air and lake waters in the study area. The 
analysis of data from the fifteen weather stations confirmed the strong effect 
of its intensity on the mean annual temperature of air and those of the winter 
and spring seasons, the correlations observed being statistically significant 
(Table 3). In turn, the analysis of the temperatures of the twelve lakes under 
study showed the NAO to have a significant impact on the annual water 
temperature in six of them. Its influence was greater in winter (statistically 
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significant relations were noted for seven lakes) and in spring (here the rela-
tionship was found for ten lakes, Table 2). 
Air temperatures tended to depart from the mean values more considera-
bly in a positive NAO phase. This was observed at all the stations, both in 
the case of annual mean temperatures and those of the winter and spring sea-
sons (Table 4). In a negative NAO phase the greatest departures from the 
means occurred in winter (all stations, Table 5). As to the temperatures of 
water, in a negative NAO phase their departures from the means were signif-
icant in only three cases in spring (Table 6). In a positive NAO phase signif-
icant differences in annual temperatures were recorded in four of the lakes, 
and in the winter and spring seasons, in eight of them (Table 7). 
Lake water temperatures in the winter and spring seasons are markedly 
higher than average in the positive NAODJFM phase, and lower in the nega-
tive phase; the observed differences can even reach 1.0°C. Those changes in 
the temperature of lake waters in the two NAODJFM phases are caused by 
changes in air temperatures, which are even wider in those periods. Still, the 
spatial pattern of differences in air temperature changes, with their character-
istic rise to the east, is different from that of lake water temperatures. The 
observed changes concern not only the magnitude of differences in water 
and air temperatures, but also their temporal and spatial variability. This fol-
lows from differences in the heat balance of the lakes, which depends on 
their morphometry and location. Water temperatures of some lakes do not 
show a close dependence on climatic conditions connected with NAO inten-
sity. A weaker impact of the macro-scale climatic factors results from the lo-
cation and morphometry of those lakes. As the conducted analysis has 
shown, an important parameter controlling the response of the thermal char-
acteristics of lake waters to changes in air temperature is the mean depth of 
a lake. Lakes with the greatest mean depths, and hence the largest heat re-
sources, are the most “resistant” to changes in air temperature, while those 
more sensitive to changes in thermal conditions are polymictic lakes charac-
terised by the smallest mean depths. 
The observed increase in lake water temperatures caused, among other 
things, by an intensive North Atlantic Oscillation can lead to a gradual trans-
formation of lacustrine ecosystems. The transformation can affect both, their 
physico-chemical processes and phenomena as well as living conditions in 
a water environment different from those obtaining so far. This can lead to 
changes in the water-mass circulation pattern, in the trophic type of lakes, 
and in the species composition of their flora and fauna. In the future, an in-
teresting issue to examine seems to be the effect of other macro-scale types 
of circulation (AO, ENSO) on the thermal characteristics of lakes in Poland, 
and in Europe.  
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